Tectonic plates subducting at trenches having strikes oblique to the absolute subducting plate motion undergo trench-parallel slab motion through the mantle, recently defined as a form of "slab dragging." We investigate here long-term slab-dragging components of the Tonga-Kermadec subduction system driven by absolute Pacific plate motion. To this end we develop a kinematic restoration of Tonga-Kermadec Trench motion placed in a mantle reference frame and compare it to tomographically imaged slabs in the mantle. Estimating Tonga-Kermadec subduction initiation is challenging because another (New Caledonia) subduction zone existed during the Paleogene between the Australia and Pacific plates. We test partitioning of plate convergence across the Paleogene New Caledonia and Tonga-Kermadec subduction zones against resulting mantle structure and show that most, if not all, Tonga-Kermadec subduction occurred after ca. 30 Ma. Since then, Tonga-Kermadec subduction has accommodated 1,700 to 3,500 km of subduction along the southern and northern ends of the trench, respectively. When placed in a mantle reference frame, the predominantly westward directed subduction evolved while the Tonga-Kermadec Trench underwent~1,200 km of northward absolute motion. We infer that the entire Tonga-Kermadec slab was laterally transported through the mantle over 1,200 km. Such slab dragging by the Pacific plate may explain observed deep-slab deformation and may also have significant effects on surface tectonics, both resulting from the resistance to slab dragging by the viscous mantle.
Introduction
By its definition, lithosphere subduction operates by a trench-normal influx of lithosphere into the mantle. Deep subduction is considered to be primarily driven by slab pull (Conrad & Lithgow-Bertelloni, 2002; Turcotte & Schubert, 2002) , which may tend to force the trench to be normal to subduction. Perhaps for these reasons the investigation of subduction kinematics and dynamics is frequently focused on slab motion orthogonal to trenches (e.g., Heuret & Lallemand, 2005; Schellart et al., 2008) . Tectonic plates, however, often subduct along trenches with varying orientations relative to their subducting plate motion in an absolute plate motion frame of reference (Goes et al., 2011; Philippon & Corti, 2016) . The gravitational pull acting on the subducting parts of a plate contributes to the overall plate motion, but as a rheologically strong plate undergoes one average motion about an Euler pole at a particular time, by implication slabs may undergo trench-parallel motions through the mantle. The Pacific plate, being the largest plate on Earth, serves as a prime example of a VAN DE LAGEMAAT ET AL. 2647
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plate having subducting slabs of varying orientations at present. The Tonga-Kermadec and Mariana trenches roughly strike N-S, Japan and the Kuril trenches strike NE-SW and the Aleutian Trench strikes roughly E-W (Figure 1 ). When placed in a mantle reference frame (e.g., the moving hot spot reference frames of O'Neill et al., 2005 , Torsvik et al., 2008 , or Doubrovine et al., 2012 , the Pacific plate has an overall NW-ward absolute plate motion, from which it follows that slabs of the Pacific plate must undergo trench-parallel motion where a trench is oriented oblique to the local direction of absolute Pacific plate motion. This trench-parallel slab motion is a form of "slab dragging" (Chertova et al., 2014) and comprises in general any lateral slab transport through the mantle that results from the absolute surface motion of the subducting plate . Slab dragging also includes any trench-normal slab advance that is caused by the subducting plate motion and which acts against slab rollback, as has been observed in laboratory experiments (Schellart, 2005) . Slab dragging includes the exceptional cases where entire subduction systems are being dragging laterally through the mantle in directions independent of trench orientation . Previous examples of slab dragging are the northward trench-parallel dragging of the Burma slab as part of the India plate (Le Dain et al., 1984) , the NNE-ward transport of the entire Banda slab by the Australian plate (Spakman & Hall, 2010) , slab "stumps" under western North-America that are laterally dragged by the Pacific plate (Furlong & Govers, 1999; Pikser et al., 2012; Wang et al., 2013) , and the NNE-ward dragging of the entire Gibraltar slab by African plate motion . The last example, which is particularly pertinent here, is that of Giardini and Woodhouse (1986) , who attributed the strong horizontal deformation of the TongaKermadec slab to horizontal shear interaction with the mantle. They proposed that the shear interaction is possibly induced by roughly northward trench-parallel transport of the slab through the mantle.
By reconstruction of the SW Pacific tectonic evolution during the Cenozoic, we here analyze the extent to which the Tonga-Kermadec subduction zone in the southwest Pacific may have been dragged northward through the mantle. At present, the Tonga-Kermadec subduction zone extends for approximately 2,700 km from the east coast of North Island, New Zealand, to south of Samoa ( Figure 2 ). This subduction zone accommodates convergence between the Pacific and Australian plates and is the location of the highest rates of Pacific plate subduction and overriding plate extension (Bevis et al., 1995) . The Tonga-Kermadec subduction zone is associated with a long, westward dipping subducted slab located below the present-day SW Pacific region that is well imaged by seismic tomography (Bijwaard et al., 1998; Fukao et al., 2001; Gorbatov & Kennett, 2003; Hall & Spakman, 2002 , 2004 Schellart et al., 2009; Schellart & Spakman, 2012; Van der Meer et al., 2018; Van der Hilst, 1995) . This slab has penetrated the lower mantle along most of its length and reaches depths of at least~1,200 km. In the northern part of the TongaKermadec subduction system and at the 660-km discontinuity between the upper and lower mantle, the slab is flat lying to shallow dipping, whereas in the south, it is steeply dipping into the lower mantle ( Figure 3 ).
In the context of relative Australian-Pacific plate convergence, the dynamics and structure of the TongaKermadec subduction zone and its slab are well known, whereas the motion of the system in an absolute plate motion frame of reference remains less extensively explored. The moving hot spot reference frame (e.g., Doubrovine et al., 2012; O'Neill et al., 2005; Torsvik et al., 2008) suggests that the Australia and Pacific plates have shared a component of rapid northward absolute plate motion of up to~7 cm/year during the Cenozoic. This shared absolute plate motion component is invisible in a relative plate motion reconstruction of Tonga-Kermadec subduction but must strongly influence the motion of the Tonga-Kermadec Trench relative to the mantle. Plate tectonic indications that such motion may actually have occurred are suggested by previous reconstructions presented by Sdrolias and Müller (2006) , or Faccenna et al. (2012) , for example, Figure 1 . Present-day trenches in the western Pacific realm. White arrows indicate absolute Pacific plate motion for the last 10 Myr (based on our model, see Table 3 and the supporting information). The varying degrees of obliquity at Pacific subduction zones requires that during the last 10 Myr, the slabs subducting at these trenches must have undergone a component of trench-parallel absolute motion defined as "slab dragging." Background map from Amante and Eakins (2009). although left uninterpreted in terms of subduction zone dynamics. Here we investigate in particular the scale at which slab dragging may have affected the Tonga-Kermadec subduction zone and whether such influence may be evident from the position of the associated subducted slabs.
To this end, it is first necessary to estimate when subduction along the Tonga-Kermadec Trench started. Despite being one of the most spectacular subduction zones on Earth today, the age of its initiation proves to be difficult to assess and different ages have been suggested in the past. A widely held view is that subduction started around 45-50 Ma (e.g., Matthews et al., 2015) , correlating it to an Eocene global-scale plate reorganization (e.g., Whittaker et al., 2007) . This age corresponds to interpretations made by Bloomer et al. (1995) based on 40 Ar/ 39 Ar dated samples of a quartz gabbro and a tholeiitic basalt from the island of 'Eua, Tonga (46.6 and 46.1 Ma, respectively; Ewart et al., 1977) . However, other reconstructions have suggested ages of subduction initiation ranging from 90 Ma or even earlier (Schellart et al., 2006) , to as young as 27 Ma (Yan & Kroenke, 1993) .
One of the main reasons for uncertainty around the age of the Tonga-Kermadec subduction system is that it is not possible to make a Cenozoic closed plate circuit involving the Tonga-Kermadec subduction zone as the area between eastern Australia and the Pacific Ocean hosted two Cenozoic subduction systems: the modern Tonga-Kermadec system and a former New Caledonia subduction system that led to Late CretaceousPaleogene formation and Early Miocene emplacement of an ophiolite belt on New Caledonia (Figures 2  and 4 ; e.g., Cluzel, Jourdan, et al., 2012; Schellart et al., 2009) . The area between these two trenches (here referred to as the SW Pacific assemblage) underwent a complex Cenozoic history of back-arc spreading. Table 3 and the supporting information): continents in green, submerged continental fragments and volcanic arcs in gray. Present-day plate boundaries in red, former plate boundaries in dark gray. Pink and yellow stars are locations of New Caledonia and Northland ophiolites, respectively. While it is possible to reconstruct how much net convergence occurred and how much additional subduction must have occurred to accommodate the opening of the well-known extensional back-arc basins between the Tonga-Kermadec Trench and Australia, it is less straightforward to reconstruct how and when this convergence was distributed between the New Caledonia and Tonga-Kermadec subduction zones. Prior tectonic reconstructions of the SW Pacific assemblage have included a New Caledonia subduction zone (e.g., Matthews et al., 2015; Schellart et al., 2006; Yan & Kroenke, 1993) , but how Pacific-Australia convergence was distributed between the two subduction zones has never been addressed and what it means for the age of the Tonga-Kermadec subduction system.
Our approach to resolving how subduction at the Tonga-Kermadec Trench responded to rapid absolute plate motion with a strong trench-parallel component is as follows: (i) development of a plate kinematic reconstruction of the SW Pacific region cast within the AustraliaPacific plate circuit; (ii) testing partitioning of plate convergence across the New Caledonia and Tonga-Kermadec subduction zones against resulting mantle structure inferred from tomography; (iii) making inferences about the possible age range of Tonga-Kermadec subduction initiation and its subduction rate through time; and (iv) assessing how the Tonga-Kermadec Trench and slab responded to absolute plate motions of the Pacific and Australian plates.
Seismic Tomographic Constraints on SW Pacific Mantle Structure
Seismic tomography has revealed several anomalies in the SW Pacific region that are interpreted to reflect subducted slabs. Here we use tomographic model UU-P07 (Amaru, 2007) of which slab interpretations for this region were made by Hall and Spakman (2002) , Schellart et al. (2009) , Spakman (2012, 2015) , and Van der Meer W-E tomographic cross sections of the Tonga-Kermadec slab at the northern (left) and southern (right) ends of the trench, based on the UU-P07 tomographic model (Amaru, 2007) . In the north, a significant portion of the slab is flat lying before it continues into the upper mantle, whereas in the south the slab penetrates straight into the upper mantle. Table 3 and the supporting information). Inset: Present day plate configuration. The SW Pacific assemblage is surrounded by subduction zones that may have been active contemporaneously, which makes it difficult to make a definitive closed plate circuit for the Paleogene.
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Tectonics VAN DE LAGEMAAT ET AL.et al. (2018; Figure 5) . In Figures 5 and 6 the percentage limits defined in the legends and applied in the map plots of the P wave velocity anomalies vary with depth. These limits are depth dependent following the relationship between P wave velocity and temperature as a function of depth, as established by Goes et al. (2004) . The scaling is such that the contour limits always correspond to an estimated temperature anomaly of À250 K (for the positive limit) and +250 K (for the negative limit). Thus, implicitly, the tomography map-view images also provide an estimate of the mantle temperature anomaly. This also emphasizes that while P wave velocity percentages in the lower mantle are generally small (<1%), the corresponding temperature anomaly can be on the order of 10% of the ambient lower mantle temperature.
The most prominent anomaly in the SW Pacific is related to the TongaKermadec slab (Hall & Spakman, 2002; Van der Hilst, 1995) . The slab is west dipping, and located west of the present-day subduction zone, up to a depth of~1,200 km along the whole length of the trench ( Figure 6 ; Schellart & Spakman, 2012) . In the south, the slab penetrates almost straight through the 660-km discontinuity into the lower mantle, whereas in the north, a significant portion of the slab lies horizontally over the 660-km discontinuity before it dips into the lower mantle at its western end ( Figure 3 ). This leads to a N-S striking anomaly below the 660-km discontinuity and a clockwise rotation of the anomaly at successively shallower depths to its present-day NNE-SSW configuration.
The anomaly considered to be related to the New Caledonia subduction zone was first identified by Schellart et al. (2009) and is referred to as the South Loyalty slab (Cluzel et al., 2001; Schellart, 2007; Schellart et al., 2006 Schellart et al., , 2009 . It is located 1,500 km south of New Caledonia, currently below the Tasman Sea, in the upper part of the lower mantle at~950 to 1,350 km depth and is best resolved at~1,000-1,200 km ( Figure 5 ). The slab trends NW-SE and is flat lying with a lateral extent of~2,200 by 600-900 km (Figures 5 and 7; Schellart et al., 2009 ). In the southeast, the South Loyalty slab is difficult to distinguish from the southern end of the Tonga-Kermadec slab, as the bases of both slabs are located at approximately the same depth ( Figure 5 ).
A third anomaly is located in the SW Pacific, related to ongoing northeast dipping subduction at the New Hebrides subduction zone ( Figure 5 ). This slab is well imaged and reaches the base of the upper mantle (Fukao et al., 2001; Hall & Spakman, 2002 , 2004 Obayashi et al., 2013; Schellart & Spakman, 2012; Wu et al., 2016) .
A fourth anomaly, not located in the SW Pacific, that is of interest to this study is located below the Lake Eyre region in Australia and is interpreted as an ENE-WSW trending slab that subducted northwards at the New Guinea-Pocklington trough (Schellart & Spakman, 2015) . The slab is currently located in the upper part of the lower mantle at 800-1,200 km depth ( Figure 5 ). Timing of slab break-off is interpreted from the final obduction of the ophiolite on New Guinea and in the Pocklington area at about 50 Ma (Schellart & Spakman, 2015) .
Interestingly, the emplaced ophiolites associated with the end of subduction at the New Caledonia and Papua New Guinea subduction zones are presently located~1,500 and~2,800 km north of the New Caledonia and Lake Eyre slabs, respectively. The Australian plate overrode these detached slabs evidencing its northward absolute plate motion (Schellart & Spakman, 2015) .
Australia-Pacific Plate Circuits
A relative plate circuit using a kinematic reconstruction needs to be constructed to study the convergence history between the Pacific and Australian plates. Such a circuit includes five major (former) tectonic plates: Lord Howe Rise (including the northern part of the New Zealand continent, hereafter abbreviated to LHR), Figure 5 . Tomographic image from the southwest Pacific region at a depth of 1,030 km, revealing the Tonga-Kermadec, South Loyalty Basin, Lake Eyre, and New Hebrides slabs, based on the UU-P07 tomographic model (Amaru, 2007) . See section 2 for description of the contour parameters in the legend scale bar.
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Tectonics VAN DE LAGEMAAT ET AL.Australia (AUS), East Antarctica (eANT), West Antarctica (wANT), and Pacific (PAC; Figure 4 ). Motion at the plate boundaries between AUS-eANT, AUS-LHR, and PAC-wANT is constrained by marine magnetic anomalies and transform faults/fracture zones of oceanic crust produced by former or active ridges (e.g., Croon et al., 2008; Gaina et al., 1998; Tikku & Cande, 1999 , 2000 Whittaker et al., 2007 Whittaker et al., , 2013 Wright et al., 2015 Wright et al., , 2016 . The boundaries between LHR and PAC in New Zealand (e.g., Alpine Fault) and between eANT and wANT (the West Antarctic Rift system) are, however, less well defined (Figure 2 ). Motion along these plate boundaries can be partly constrained by magnetic anomalies occurring in adjacent oceanic lithosphere, but typically only for brief intervals (Granot et al., 2013a (Granot et al., , 2013b Keller, 2004) .
Motion between eANT and wANT is constrained between~40 and 26 Ma by marine magnetic anomalies in the Adare Basin and adjacent Northern Basin Cande & Stock, 2004; Granot et al., 2013a) . However, it has been tentatively suggested that extension in the Adare Basin started around 60 Ma (Cande & Stock, 2004) and, additionally, apatite fission track thermochronology suggests that the West Antarctic Rift system was actively extending between~100 and 60 Ma (Spiegel et al., 2016) . Consequently, marine magnetic anomalies do not provide sufficient constraints on the eANT-wANT plate boundary evolution.
Motion between LHR and PAC is constrained by marine magnetic anomalies of the Macquarie spreading center between~40 and 24 Ma (Keller, 2004) . The uncertainty ellipses of these rotation poles are relatively large as a result of the short strike-length of the anomalies mapped in Emerald Basin and southern Tasman Sea. Also, part of this original seafloor west of Macquarie Ridge has been consumed by subduction at Puysegur Trench (Keller, 2004) and hence the age structure of this former seafloor cannot be reconstructed. Post-28 Ma dextral bending of seafloor and fracture zones adjacent to the AUS-PAC plate boundary between Figure 6 . Seismic tomographic images of the SW Pacific regions at successive shallower depths, based on the UU-P07 tomographic model (Amaru, 2007) . See section 2 for description of the contour parameters in the legend scale bars. These images illustrate that the entire Tonga-Kermadec slab is located west of the present-day trench along the entire length of the trench, and no southward deflection relative to the present-day trench is visible. The upper mantle portion of the slab is also located west of the present-day trench.
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Hjort and Puysegur trenches also contributes to the size of the Keller (2004) uncertainty ellipses (Hayes et al., 2009 ).
Because there are two poorly constrained plate boundaries in the circuit, two alternative plate motion circuits have been previously proposed (Figure 8 ): an Australian circuit, in which LHR is attached to PAC until 45 Ma and the eANT-wANT boundary is left unconstrained, and an Antarctic circuit, in which the LHR-PAC boundary is left unconstrained, while motion within the West Antarctic Rift system is incorporated (e.g., Doubrovine et al., 2012; Doubrovine & Tarduno, 2008a , 2008b Matthews et al., 2015; Schellart et al., 2006; Steinberger et al., 2004) . Matthews et al. (2015) recently provided an extensive review and analysis of SW Pacific plate circuits. They tested a total of six Antarctic circuit scenarios and four Australian circuit scenarios. These scenarios differ in rotation poles used for the eANT-AUS and wANT-PAC spreading ridges. In the Antarctic circuit, different eANT-wANT rotations are also tested, while in the Australian circuit PAC is attached to LHR until 45 Ma (i.e., throughout their reconstruction period). In all scenarios, AUS-LHR motion is described using the finite rotation poles provided by Gaina et al. (1998) . The different scenarios are used to explore the implications of the two plate circuits for the amount and type of deformation predicted within New Zealand and in the West Antarctic Rift system, and to the north of New Zealand. Matthews et al. (2015) proposed that after 55 Ma, the Antarctic circuit, using rotation poles of Whittaker et al. (2013) , Granot et al. (2013a Granot et al. ( , 2013b , and Larter et al. (2002) for AUS-eANT, wANT-eANT, and PAC-wANT motions, respectively, produces the best fit with geological observations from both New Zealand and the West Antarctic Rift system. This plate circuit has been incorporated into the global plate model of Müller et al. (2016) . Additionally, in the global plate model of Müller et al. (2016) , PAC-wANT motion is updated using the finite rotation poles of Wright et al. (2015 Wright et al. ( , 2016 .
Because the models of Matthews et al. (2015) and Müller et al. (2016) produce fits that reasonably satisfy geological constraints for both the plate boundary through New Zealand and the West Antarctic Rift system, we adopt their (Antarctic) plate circuit as a basis for our SW Pacific restoration. However, we do not directly follow the reconstruction of Müller et al. (2016) but use it as a framework. We choose to use all finite rotation poles as published in the original papers (Table 1) , whereas Müller et al. (2016) used only a selection of chrons, leading to greater detail in our reconstruction. Additionally, we updated the ages of the chrons to the timescale of Ogg (2012) .
A set of Euler poles for the 40-to 24-Ma motions on the plate boundary through New Zealand was proposed by Keller (2004) that differ in details from those of the Müller et al. (2016) plate circuit. The discrepancy may have been accommodated on the poorly constrained Bellona Trough between Challenger Plateau and Lord Howe Rise where a plate boundary may have existed (e.g., Cande & Stock, 2004; Gaina et al., 1998; Van de Beuque et al., 2003) . To satisfy both the Müller et al. (2016) plate circuit and the Keller (2004) constraints, our reconstruction accommodates the difference at Bellona Trough. At 24 Ma, shortly after inception of the Alpine Fault (Kamp, 1986) , the unconstrained boundary is relocated from Bellona Trough to the Alpine Fault.
SW Pacific Plates and Kinematics
In this section we provide a review of geological data from the SW Pacific region between LHR in the west and the Tonga-Kermadec Trench in the east. This part of the SW Pacific consists of a series of basins and ridges comprising oceanic, continental, and arc crust, and we will review their formation age and history. Because this area is surrounded by active and fossil subduction zones, these basins and ridges are reconstructed using a separate plate motion chain ( Figure 9 ). To this end, we first review studies based on marine geophysical constraints on the opening history of the various extensional basins and subsequently summarize geological constraints from ophiolites in New Caledonia and in New Zealand bearing on evolution of the western subduction system. This review focuses on the basins and ridges between LHR and Tonga-Kermadec Trench. The northern part of the SW Pacific region, including the Coral Sea, d'Entrecasteaux, and Woodlark Basin provide no constraints on evolution of this trench and are not reconstructed in detail here.
Extensional Basins 4.1.1. Fairway-Aotea and New Caledonia Basins
Between LHR and Norfolk Ridge, thus west of the New Caledonia ophiolite and the inferred paleo-subduction zone that led to its obduction, lie two basins separated by the Fairway Ridge: the western Fairway Basin and the eastern New Caledonia Basin. The Fairway Basin extends southward into Aotea Basin, commonly otherwise known as the southern part of the New Caledonia Basin (Figure 2 ). Keller, 2004 a We chose to omit the finite rotation pole for chron 16y, because it leads to unrealistic back-and-forth movement within the Antarctic continent between~40 and 34 Ma. This rotation pole is subject to a greater uncertainty due to difficulty in the identification of magnetic picks of this anomaly (explained in Granot et al., 2013a) . 
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Tectonics VAN DE LAGEMAAT ET AL. Klingelhoefer et al. (2007) reported wide-angle and reflection seismic data showing that the crust of Fairway Ridge is continental and that Fairway Basin is underlain by thinned continental crust. That study also showed that New Caledonian Basin is underlain by oceanic crust in its central part. The crust in the northern part of the basin is atypical and its origin remains unknown (Klingelhoefer et al., 2007) .
Owing to the difficulty of identifying the oceanic versus continental nature of crust in this part of the SW Pacific, contrasting tectonic models have been proposed. Lafoy et al. (2005) suggested that 85-to 65-Ma continental thinning in the Fairway and New Caledonia basins coincided with seafloor spreading in the southern Tasman Sea. They presume that subsequently, spreading in New Caledonia Basin occurred during the Paleocene, between~62 and 56 Ma, concurrent with spreading in the Coral Sea Basin. Collot et al. (2009) , on the other hand, suggested that extension in the Fairway and New Caledonia Basin predates Tasman Sea spreading and that these basins are early-Late Cretaceous (Cenomanian) or even older in age.
Any extension in the Fairway-Aotea and New Caledonia basins that occurred during the Late Cretaceous and later would increase the overall convergence that must have been accommodated by the subduction zones between LHR and PAC. We incorporate the scenario of Lafoy et al. (2005) and our reconstruction should thus be considered as a maximimum-convergence and subduction scenario. Using 3-D modeling of satellite gravity data, approximately 30% crustal thinning is estimated for the New Caledonia Basin (Wood & Woodward, 2002) . According to Lafoy et al. (2005) , however, the basin studied by Wood and Woodward (2002) structurally corresponds to the South Fairway Basin.
Norfolk Basin
Norfolk Basin lies between Norfolk Ridge and Three Kings Ridge ( Figure 2) ; the age and crustal nature of which have been debated. Proposed opening ages of Norfolk Basin include Late Cretaceous (Launay et al., 1982) , Eocene-Oligocene (Sdrolias et al., 2003) and Early Miocene (Mortimer et al., 1998) . Deep regions within Norfolk Basin show age-bathymetry curves that would be consistent with oceanic crust that formed during the Late Oligocene to Late Miocene (Sdrolias et al., 2004) . A Miocene age of spreading initiation would be consistent with a 23 ± 0.1 Ma 40 Ar/ 39 Ar age of a dredged seafloor tholeiite (Meffre et al., 2001; Bernardel et al., 2002 , both cited in Sdrolias et al., 2004) . Cessation of spreading in the Norfolk Basin is poorly constrained but is thought to have occurred as late as 10 Ma (Sdrolias et al., 2004) .
The amount of divergence within the Norfolk Basin is estimated from displacement along the Cook and Vening Meinesz fracture zones ( Figure 2 ). The Cook Fracture Zone is a left-lateral transform fault that offsets Three Kings Ridge from Loyalty Ridge by~420 km (Sdrolias et al., 2004) . Motion at the southern boundary of Three Kings Ridge was accommodated along the Vening Meinesz Fracture Zone. This fault offsets Three Kings Ridge dextrally from Northland Plateau and accommodated about 170 km of seafloor spreading in the southern Norfolk Basin (Herzer & Mascle, 1996) . The Three Kings Ridge migrated southeastward, causing transpressive motion on the Veining Meinesz Fracture Zone (Herzer & Mascle, 1996) . Motion on the Veining Meinesz Fracture Zone ended around 15 Ma, based on radiometric 40 Ar/ 39 Ar ages for two linear seamounts interpreted as mini-hot spot trails Mortimer et al., 2007) . This age coincides with waning tectonism on Northland Plateau (Herzer et al., , 2011 .
North Loyalty Basin
Loyalty Ridge and North Loyalty Basin are located to the northeast of New Caledonia ( Figure 2 ). North Loyalty Basin is a remnant of a once larger basin and is located in a triangle formed by Loyalty Ridge, New Hebrides Trench, and d'Entrecasteaux Basin (Weissel et al., 1982) . Weissel et al. (1982) identified clear magnetic anomaly lineations that they tentatively correlated with chrons 23-18 (~50-40 Ma). Later reinterpretation by Sdrolias et al. (2003) reassigned these to chrons 20-16 (~44.5-36 Ma). The identified magnetic anomaly lineations were generated on the north side of a ridge. Their southern counterparts are thought to have been subducted at the New Hebrides Trench (Sdrolias et al., 2003) .
South Fiji Basin
The South Fiji Basin extends from Fiji Islands in the north to the Northland Plateau of New Zealand in the south (Figure 2 ). Its eastern boundary is defined by the, now extinct, Lau-Colville volcanic arc and the western boundary is defined by the Loyalty Ridge and the Three Kings Ridge. The basin is divided into the northern South Fiji Basin or the Minerva Abyssal Plain, and the southern South Fiji Basin or Kupe Abyssal Plain (Packham & Terrill, 1975) , separated by an E-W-oriented central ridge region. This ridge region is not the remnant of an actual mid-ocean ridge, but appears to be the eastward extension of the Cook Fracture Zone (Malahoff et al., 1982 ; Figure 2 ).
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Anomalies 7-12 (24-31 Ma) were identified in the South Fiji Basin by Watts et al. (1977) and Malahoff et al. (1982) . A complete set of anomalies from both sides of a N-S-oriented mid-ocean ridge was identified in the Minerva Abyssal Plain. A set of anomalies was identified in the Kupe Abyssal Plain by Malahoff et al. (1982) , which they interpreted as younging westward. This would require that the western flank has been subducting beneath the Three Kings Ridge along a west-dipping subduction zone (Malahoff et al., 1982) . Sdrolias et al. (2001) , however, reinterpreted the anomalies as younging eastward, in contrast to that proposed by Malahoff et al. (1982) . The absence of anomalies on the eastern half of the spreading system in the Kupe Abyssal Plain may be due to asymmetric spreading (Sdrolias et al., 2003) . Sdrolias et al. (2003) Ar ages of abyssal tholeiites by Mortimer et al. (2007) suggest that South Fiji Basin formed during the Early Miocene, rather than during the Oligocene. The magnetic anomaly profiles are difficult to match to geomagnetic polarity reversal patterns and therefore are unsuitable to provide age constraints (Herzer et al., 2011) . These authors reinterpreted the magnetic anomalies of the South Fiji Basin based on revised ages for crustal rocks from sites DSDP 205 and DSDP 285 from Mortimer et al. (2007) and concluded that the magnetic anomalies represent chrons 9 to 6B (27.4-21.9 Ma). This would mean that South Fiji Basin formed during Late Oligocene to Early Miocene, in tandem with Norfolk Basin spreading. The cessation of spreading in both basins is not well constrained but is thought to be around 15 Ma (Herzer et al., 2011; Mortimer et al., 2007) .
Lau Basin-Havre Trough
The Lau Basin-Havre Trough is a Y-shaped active back-arc basin, immediately west of Tonga-Kermadec Trench (Figure 2 ). Seafloor spreading is propagating southwards and different stages of basin opening have been interpreted.
Ocean spreading currently occurs in the Lau Basin along Central and Eastern Lau spreading centers (Parson & Wright, 1996) . A sequence of aeromagnetic profiles was obtained by Malahoff et al. (1994) . Magnetic anomaly lineations J (C1r.1n, Jaramillo event,~1 Ma) through 3 (4.6 Ma) were identified, indicating that seafloor spreading started around 5-7 Ma. The magnetic anomaly lineations have short lengths and spreading in the northern Lau Basin is irregular and disorganized, with multiple triple junctions and overlapping rifts (Malahoff et al., 1994) . Farther south, spreading in Lau Basin more closely resembles steady state.
Extension in Havre Trough is currently in the rift phase and probably became active concurrent with extension in Lau Basin (Ruellan et al., 2003) . A detailed study by Wysoczanski et al. (2010) using multibeam mapping suggested that Havre Trough is currently in an incipient phase of distributed and disorganized spreading. Because there is no magmatic spreading in Havre Trough, magnetic anomaly data do not record accretion of oceanic crust. Linear magnetic anomalies in Havre Trough, as identified by Malahoff et al. (1982) , are instead interpreted as the result of pseudo-linear emplacement of magnetic sheeted dikes into arc basement rocks (Wright, 1993) . Yan and Kroenke (1993) used the magnetic anomaly identifications of Malahoff et al. (1982) to compute finite rotations for Lau Basin and Havre Trough.
North Fiji Basin
North Fiji Basin is a Late Miocene oceanic basin currently part of the Pacific plate. It lies as overriding plate above the east-dipping New Hebrides subduction zone (Figure 2 ) and has a complex spreading pattern. North Fiji Basin is considered to have opened after a subduction polarity switch that followed Early Miocene (Knesel et al., 2008) or Middle Miocene (Auzende et al., 1995; Crawford et al., 2003; Petterson et al., 1997; Quarles van Ufford & Cloos, 2005) arrival of Ontong Java Plateau at Vitiaz Trench (Figure 2 ). New Hebrides Trench would have formed as a result of this switch and rolled back with a clockwise rotation into its current north-south orientation. Malahoff et al. (1994) identified two spreading centers and interpreted anomalies J (C1r.1n, Jaramillo event, 1 Ma) through 4 (1-7.6 Ma), which Yan and Kroenke (1993) used to compute finite rotation. An additional spreading center is present in northern North Fiji Basin with anomalies 2 -3Ar (1.95-7.14 Ma) identified by Lagabrielle et al. (1996) . In addition, Taylor et al. (2000) showed from paleomagnetic evidence that the Fiji Islands underwent a 135°counterclockwise rotation between 10 and 3 Ma.
Ophiolites and Volcanic Arcs
In addition to the mainly marine geophysical data listed above, key information on the location, timing, and duration of subduction between the SW Pacific region and Norfolk Ridge comes from geological constraints provided by New Caledonian and Northland ophiolites, as well as the d'Entrecasteaux Zone, Loyalty Ridge, and Three Kings Ridge (Figure 2 ). Here we review key constraints on the evolution of these ophiolites and associated accretionary prisms.
Northland Ophiolite
The Northland Ophiolite of New Zealand, also referred to as Tangihua Complex, represents the highest structural unit of the Northland Allochthon and is composed of minor upper mantle and oceanic crustal rocks (e.g., Nicholson et al., 2007) . Because of similarities in lithology and structural settings with the New Caledonia ophiolite (see below), it is thought that both ophiolites once formed at a formerly contiguous plate boundary (Malpas et al., 1992) .
The age of formation of oceanic crust of the Northland ophiolite was originally thought to be of Late Cretaceous to Paleocene age . An early Paleocene age (58-62 Ma) was also suggested by Hollis and Hanson (1991) based on the presence of Paleocene radiolarian species within inter-pillow limestone. Brothers and Delaloye (1982) applied K/Ar dating to igneous rock samples from different ophiolite massifs, reporting a wide age range between 102 and 20 Ma. They therefore suggested that the Northland ophiolite complex had a long and multistage history of igneous accretion.
The older ages are confirmed by 40 Ar/ 39 Ar dating of two volcaniclastic samples that yielded ages of ca.
108 Ma (Whattam et al., 2005) . Their study also suggested that at least part of the oceanic crust of the Northland Ophiolite cooled during the Oligocene.
Step heating 40 Ar/
39
Ar techniques on tholeiitic basalt samples produced ages between 25 ± 0.8 and 29.6 ± 1 Ma, and 206 Pb/ 238 U dating of zircons from a plagiogranite sample gave an age of 28.3 ± 0.2 Ma (Whattam et al., 2005) . These authors thus suggested that at least two distinct groups of igneous rocks are present in the Northland Ophiolite and attributed the c. 100 Ma ages to formation of the Mt. Camel Terrane that forms the basement onto which the ophiolite was emplaced (Whattam et al., 2004 (Whattam et al., , 2005 (Whattam et al., , 2006 .
Northland Ophiolite was emplaced during a short period during the latest Oligocene, approximately at the Oligocene-Miocene boundary. This is indicated by the Late Oligocene age of the youngest rocks in the ophiolite versus the Early Miocene age of the oldest rocks overlying the ophiolite (Ballance & Spörli, 1979) . Shear sense indicators indicate that emplacement was from the northeast (Malpas et al., 1992 , and references therein). Malpas et al. (1992) reported a MORB geochemical signature in the Northland ophiolite and suggested that it was generated at a major spreading center or in a mature back-arc basin. More recent work, however, has shown that tholeiitic rocks of the ophiolite have a negative Nb anomaly and are enriched in large ion lithophile elements, which are both consistent with a suprasubduction zone signature Whattam et al., 2004 Whattam et al., , 2005 .
New Caledonia Ophiolite
The New Caledonia archipelago consists of several islands that are part of Norfolk and Loyalty ridges (Figure 2 ). The main island is part of continental Norfolk Ridge. Loyalty Ridge to the north most likely represents an Eocene island arc (see below), with North Loyalty Basin interpreted as its associated back-arc basin .
New Caledonia exposes the Peridotite Nappe, an ophiolite complex that was emplaced onto Norfolk ridge during the Eocene. Preceding this emplacement, a north or northeast dipping subduction zone was present, as indicated by the structural history of the ophiolite and its sole Quesnel et al., 2016) .
The age of formation of the Peridotite Nappe is debated. Due to a complex history of the upper mantle and lower crustal section, the system became ultradepleted, making accurate dating difficult. K-Ar dating of dolerite veins, plutonic rocks (hornblendites and diorites), and of amphibole separates from a dolerite yielded an age range of 120-50 Ma (Prinzhofer, 1981 , as cited in Collot et al. (1987 and Cluzel, Jourdan et al. (2012) ). Lower Eocene (55-50 Ma) mafic dykes, dated by the U/Pb zircon system, crosscut the ophiolite at all levels (Cluzel et al., 2006) . This indicates a minimum Late Paleocene age for formation of oceanic crust of the Peridotite Nappe. The oceanic ridge that produced the ophiolite was likely oriented E-W (in present-day coordinates), based on N-S-oriented stretching lineations measured in the mantle section of the Peridotite Nappe (Prinzhofer, 1981 , as cited in Cluzel, Maurizot, et al., 2012).
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The Peridotite Nappe is in places associated with a metamorphic sole consisting of meta-basalt at amphibolite grade with subordinate metasediments. These are generally interpreted to form during subduction initiation at or near a spreading ridge (Cluzel, Jourdan et al., 2012; Van Hinsbergen et al., 2015) . Hornblende
40
Ar/ 39 Ar and zircon U-Pb dating of metamorphic sole amphibolites yielded ages of~56 Ma (Cluzel, Jourdan et al., 2012) . The closure temperature for Ar in hornblende is lower than for typical temperatures in amphibolite-facies sole rocks and thus the 56 Ma age dates cooling during sole exhumation, which is likely intrinsically related to the subduction initiation process (Van Hinsbergen et al., 2015) . The subduction zone below the Peridotite Nappe therefore probably initiated within a few million years before 56 Ma.
Upon arrival of Norfolk Ridge at the trench and consequent obduction of the ophiolite, the western SW Pacific subduction zone terminated on New Caledonia. Timing of obduction initiation during the Late Eocene is constrained by the age of the youngest sediment on which the ophiolite was thrust (34.7-35 Ma, Cluzel et al., 2001) . The end of obduction is constrained by postobduction plutons intruded into the Peridotite Nappe and its autochthonous basement. Ages of 27.5 and 24 Ma were obtained through U-Pb dating of magmatic zircons of these postobduction granitoids (Paquette & Cluzel, 2007) .
Extensive geochemical analysis by Ulrich et al. (2010) suggested that the mantle section of the Peridotite Nappe underwent two melting stages. The Peridotite Nappe consists of highly depleted harzburgites with U-shaped bulk-rock rare-earth element patterns, indicative of a forearc environment. However, lherzolites are enriched with spoon-shaped light rare earth elements and melts from these lherzolites are geochemically similar to some of the mid-ocean ridge basalts from the underlying Poya Terrane that were offscraped from the oceanic crust that subducted below the Peridotite Nappe prior to its obduction. Therefore, it is inferred that the Peridotite Nappe formed in the same oceanic basin as the Poya Terrane (Ulrich et al., 2010) . A second melting stage in a forearc environment led to the ultradepletion of harzburgites that now form the bulk of the nappe. The geochemical signature of the Peridotite Nappe and overlying gabbronorite cumulates are indicative of a suprasubduction zone history (Marchesi et al., 2009; Ulrich et al., 2010) .
D'Entrecasteaux Zone
The D'Entrecasteaux zone is an arch-shaped ridge connecting northern New Caledonia to central New Hebrides and its northeastern extension is currently subducting along the New Hebrides Trench (Figure 2 ). The ridge separates D'Entrecasteaux Basin to the northwest from North Loyalty Basin to the southeast. Bougainville Guyot is a seamount located at the eastern end of the South D'Entrecasteaux chain. The oldest rock dredged from this guyot is a volcanic breccia of Middle Eocene age (42-40 Ma), based on age determination from planktonic nanofossil content in the chalky matrix (Collot et al., 1992) . K/Ar dating of volcanic rocks of the guyot yielded an age of 37 ± 0.1 Ma (Baker et al., 1994) . Extensive geochemical analysis indicate an island arc tholeiite signature, with a negative Nb anomaly indicative of subduction-related magmatism (Baker et al., 1994) . Based on these data, the D'Entrecasteaux zone is generally viewed as an Eocene island arc and the northward, intraoceanic, continuation of Loyalty Ridge (Crawford et al., 2003) .
Loyalty Ridge
Seismic reflection and swath bathymetry data indicate that Loyalty Ridge is composed of spaced seamounts that are covered by a thick carbonate layer Lafoy et al., 1996) . The size and spacing (~70 km, Eissen et al., 1998) of the seamounts are typical of an island arc, but due to lack of basement outcrop the geology of the ridge is still poorly known Lafoy et al., 1996) . Despite the lack of data, most authors consider Loyalty Ridge to be an Eocene Island arc (e.g., Baker et al., 1994; Cluzel et al., 2001; Crawford et al., 2003; Maillet et al., 1983; Paquette & Cluzel, 2007; Schellart et al., 2006) , partly based on continuity of the submarine structure and evidence from the Bougainville guyot as described above.
Three Kings Ridge
Three Kings Ridge is considered to represent a remnant of a volcanic arc, but both west-facing (e.g., Kroenke & Eade, 1982) and east-facing (e.g., Davey, 1982) arcs have been proposed. More recent work based on forearc boninites dredged to the immediate west of Three Kings Ridge suggests that it was the volcanic arc above an east-dipping subduction zone. 40 Ar/ 39 Ar ages between 37 and 30 Ma were obtained from plagioclase separates of these dredge samples (Bernardel et al., 2002) . The 37 Ma boninite is interpreted to mark the start of subduction along Three Kings Ridge (Whattam et al., 2006 (Whattam et al., , 2008 
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Reconstruction

Reconstruction Protocol
We now integrate the geological constraints described above into our plate kinematic restoration, which we made in the freely available software package GPlates (www.gplates.org; Boyden et al., 2011) . GPlates-format shape and rotation files that contain this restoration are available in the supporting information.
The reconstruction presented here provides relative plate motions in the southwest Pacific realm and is based purely on spreading directions and rates from published interpreted marine magnetic anomaly data and fracture zone-transform fault directions. We adopt the reconstruction hierarchy of data types of Boschman et al. (2014) . This hierarchy defines the order in which quantitative data types are used, from lowest to highest levels of uncertainty. This reconstruction consists of the following two data types in decreasing order of certainty:
1. Ocean basin restorations. Magnetic anomaly data and transform faults/fracture zones provide the best constraints on relative plate motions. Spacing of magnetic anomalies quantifies the amount of movement and the direction of movement is quantified by the orientation of fracture zones. 2. Additional geological data, used in the following order: continental extension records, strike-slip faults, continental shortening records, and paleomagnetism. Dredge samples are used to identify offshore crustal type. Paleomagnetic analysis is used for rotations of continents that cannot be defined by magnetic anomalies. Rock samples that are dated by radiometric methods are used to obtain crustal ages of lithosphere that lacks magnetic anomalies.
The bulk of this reconstruction is based on ocean basin restorations from published magnetic anomaly and transform faults/fracture zone data. Geological data are only used for areas where magnetic anomaly data are not available, for example, for the Alpine Fault history of New Zealand and the New Caledonia subduction zone. Ages of marine magnetic anomalies are based on the timescale of Ogg (2012) . The Antarctic circuit as described in section 2 is used as a starting point for our SW Pacific reconstruction. Plate motions between the five major tectonic plates (AUS, eANT, wANT, PAC, and LHR) in the Antarctic circuit are based on previously published rotation poles (Table 1 ) most of which are used in the global plate model of Müller et al. (2016) . All plate motions east of LHR are based on the geological and kinematic constraints described in section 4 (see Table 2 for plate names and IDs). We use previously published finite rotation poles where possible. A few rotations are computed within GPlates, about which our choices are explained in section 4.2.
Tectonic Model of the Southwest Pacific
A summary of the reconstruction is found in Table 3 and snapshots at selected times are provided in Figure 10 . Time slices are chosen based on proposed or observed important events in the SW Pacific kinematic history. At the start of our reconstruction (83 Ma) the five major tectonic plates (AUS, eANT, wANT, LHR, and PAC) were still assembled, but Gondwanaland breakup had commenced. Australia had started moving away from Antarctica around 90 Ma, but spreading was still very slow (Tikku & Cande, 1999 , 2000 Whittaker et al., 2007 Whittaker et al., , 2013 Williams et al., 2011) . Also, some extension has taken place in the West Antarctic Rift system (Matthews et al., 2015; Spiegel et al., 2016) .
Based on the finite rotation poles of Wright et al. (2015 Wright et al. ( , 2016 , there is an overlap between Campbell Plateau and the Marie Byrd Land sector of Antarctica. Because we put the unconstrained boundary between PAC and LHR between Challenger Plateau and LHR, the poles of Wright et al. (2015 Wright et al. ( , 2016 also cause an overlap between Challenger Plateau and LHR. With spreading along Tasman Ridge and PacificAntarctic Ridge since 83.6 Ma, the overlap between Challenger Plateau and LHR is removed by a short Sdrolias et al., 2003; Mortimer et al., 2007; Herzer et al., 2009 Herzer et al., , 2011 Ranging 
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Tectonics transtensional phase (83.6-80 Ma). The transtensional phase is also predicted by Gaina et al. (1998) and Van de Beuque et al. (2003) .
Following the age interpretation of Lafoy et al. (2005) , extension is adopted in Fairway-Aotea Basin and New Caledonia Basin between 85 and 56 Ma. Based on the 30% crustal thinning estimated for the Fairway Basin (Lafoy et al., 2005; Wood & Woodward, 2002) , we speculatively use a total of 50% extension in the combined Fairway-Aotea and New Caledonia basins.
Based on the 56 Ma age of the metamorphic sole of the ophiolite (Cluzel, Jourdan et al., 2012) , we infer that northeast-directed subduction along the New Caledonia subduction zone started at 60 Ma (Figure 10 ). This age corresponds to a change in Australia absolute plate motion from north to east-northeast (using the global moving hot spot reference frame of Doubrovine et al., 2012) , changing relative plate motion between Pacific and Norfolk Ridge from strike-slip to convergent.
Subduction along the New Caledonia Trench led to back-arc extension in the North Loyalty Basin between 44 and 35 Ma. We used the finite rotation poles of Sdrolias et al. (2003) for the opening of this basin and restored the northern part of the basin (i.e., D'Entrecasteaux zone) relative to the southern part of the basin. This leads to northwestwards directed trench rollback and arc-parallel extension at Loyalty Arc in the reconstruction, which is also predicted by the tectonic model of Sdrolias et al. (2003) . Subduction along the New Caledonia Trench ended with final obduction of the New Caledonia ophiolite at around 30-25 Ma (Paquette & Cluzel, 2007) . Slab break-off is thought to have occurred around 25 Ma in the New Caledonia, Three Kings Ridge and Northland regions (Schellart, 2007; Schellart et al., 2009; Sevin et al., 2014) . A 30-Ma age for the end of New Caledonia subduction is incorporated in our model.
Subduction at the New Caledonia Trench consumed the South Loyalty Basin. The geometry of the South Loyalty Basin is modeled by assuming that the basin was part of PAC until New Caledonia was partially subducted. This means that in our Gplates plate circuit the Three Kings Ridge is attached to PAC until 60 Ma, as Three Kings Ridge forms the plate boundary between PAC and South Loyalty Basin during subduction at New Caledonia subduction zone. Subduction at the New Caledonia subduction zone is subsequently modeled to have occurred at a constant rate from the position of Three Kings Ridge at 60 Ma until the arrival of the Norfolk Ridge at 30 Ma (Figure 10 ).
During the final stages of obduction at the New Caledonia subduction zone, extension commenced in South Fiji Basin (~28 Ma, Herzer et al., 2011) and Norfolk Basin (~24 Ma, Sdrolias et al., 2004) . Opening of South Fiji Basin is modeled using finite rotations of Sdrolias et al. (2003) , using the reinterpreted ages of Herzer et al. (2011) . Opening of the South Fiji Basin occurred in a back-arc setting to the Tonga-Kermadec subduction zone, where subduction had initiated by that time.
Spreading in Norfolk Basin was concurrent with spreading in South Fiji Basin and resulted in eastward migration of Three Kings Ridge. We restore Three Kings Ridge back to its original position by lining it up with the present-day position of Loyalty Ridge, along strike of the Cook Fracture Zone. This results in a 270-km southeastwards displacement of northern Three Kings Ridge between 24 and 15 Ma. Some 170 km of extension is predicted in southern Norfolk basin, and transpressive motion occurs on the Veining Meinesz Fracture Zone, which is in agreement with Herzer and Mascle (1996) .
The 15 Ma end of extension in both basins is based on age interpretations of Mortimer et al. (2007) and Herzer et al. (2009 Herzer et al. ( , 2011 . The rollback of the Lau-Colville Ridge associated with concurrent back-arc spreading in Norfolk and South Fiji basins is estimated to be about 500 km at the southern Colville Ridge and up to 700 km at the northern Lau Ridge.
The Ontong Java Plateau arrived at the Vitiaz Trench during the Early to Middle Miocene, resulting in a subduction polarity reversal (Auzende et al., 1995; Knesel et al., 2008; Petterson et al., 1997; Quarles van Ufford & Cloos, 2005) . This led to spreading in North Fiji Basin from 10 Ma, clockwise rotation of New Hebrides arc (Yan & Kroenke, 1993) and anticlockwise rotation of the Fiji Plateau (Taylor et al., 2000) .
Soon after 7 Ma, the Lau Basin-Havre Trough back-arc basin started opening (Ruellan et al., 2003) , which led to splitting of the Tonga-Kermadec Ridge from the Lau-Colville Ridge. Extension in the Lau Basin is reconstructed using the finite rotation poles of Yan and Kroenke (1993) time. Constant spreading since 7 Ma is assumed, which leads to a good fit with the reconstructed motion of the southern end of the Tonga Ridge.
Rollback of Tonga Ridge since 7 Ma occurred in a clockwise fashion, which means that the amount of rollback is greatest in the north. There the amount of rollback exceeds 550 km, while it is only about 250 km at the southern Tonga Ridge. Rollback of the Kermadec Ridge, on the contrary, is reconstructed to have occurred parallel to Colville Ridge, with approximately 230 km of rollback along the entire length of the ridge.
Altogether, SW Pacific underwent several stages of basin opening and southeastward-directed trench rollback since 28 Ma. Our reconstruction predicts a total amount of trench rollback of approximately 1,300 km at the northern end of the subduction system, decreasing southwards to about 700 km just northeast of North Island, New Zealand.
Pacific-Norfolk Ridge Convergence
Based on our choice of the Antarctic plate circuit and its associated finite rotations, our reconstruction yields a prediction of the amount of convergence between Pacific plate and Norfolk Ridge. Norfolk Ridge is chosen as a reference, as it is the most easterly element that moves independent of Australia until the Late Oligocene back-arc spreading in Norfolk and South Fiji basins started. Therefore, relative motion between Pacific plate and Norfolk Ridge yields the maximum amount of convergence.
Before onset of subduction at the New Caledonia trench (60 Ma), motion between Pacific plate and Norfolk Ridge is mainly strike-slip (Figure 11 ). Relative motion between 83 and 60 Ma is mainly left lateral, except for an interval between 72 and 65 Ma, when motion is right lateral with a divergent component. At 60 Ma, the relative motion becomes convergent, but this motion remains small (Figure 11 ). Between 60 and 51 Ma the total amount of net convergence along Norfolk Ridge is estimated to be about 100 km, which corresponds to an average convergence rate of~14 mm/year. Between 51 and 45 Ma, relative motion is again predicted to be mainly left-lateral strike slip, with a diverging component southward of 30°S.
At 45 Ma, absolute Pacific plate motion changed from north-northeast to northwest, which caused rapid convergent motion between the Pacific plate and Norfolk Ridge (Figure 11 ), by this time part of the Australian plate. Since 45 Ma, relative Pacific-Australian plate motion has been fairly constant in both direction and rate. Relative motion has been directed mainly west to southwestwards, with a small interval between 34 and 30 Ma of more south to southeastwards directed motion at southern latitudes (south of~30°S). Rate of convergence increased at 26 Ma from an average of~30 mm/year between 45 and 26 Ma (~575 km in 19 Myr, latitude 20°S to 22°S), to an average of~68 mm/year since 26 Ma (~1,775 km in 26 Myr, latitude 22°S to 28°S). From 60 Ma onwards, our plate circuit predicts a total amount of Pacific-Norfolk Ridge convergence of~3,000 km at the northernmost end of the Tonga-Kermadec subduction system and~1,500 km at the southern end. Convergence estimates since 30 Ma are~2,200 km and~1,000 km for the northern and southern ends of the Tonga-Kermadec Trench, respectively. This means that, including trench-rollback of the LauColville and Tonga-Kermadec ridges, a total of at least 3,500 and 1,700 km of subduction are predicted for the northern and southern ends of the Tonga-Kermadec Trench, respectively.
Discussion
South Loyalty Basin Extension and Implications for Tonga-Kermadec Trench Evolution
For analysis of the onset of subduction along the Tonga-Kermadec Trench, the history of the oceanic lithosphere consumed by the New Caledonia subduction zone, referred to as South Loyalty Basin oceanic lithosphere (e.g., Cluzel et al., 2001; Cluzel, Jourdan et al., 2012; Matthews et al., 2015; Schellart et al., 2006) , is of importance. The opening history of this basin needs to be discussed as it may have influenced evolution of the Tonga-Kermadec Trench. We acknowledge that the age and geodynamic context of spreading within the inferred South Loyalty Basin is uncertain. Small relics of the South Loyalty Basin occur in the small basin nestled between Grande Terre and Loyalty Islands (Figure 2) , and data from this basin are scarce. The only direct observations come from the Poya Terrane that was accreted below the New Caledonia ophiolite. Poya Terrane rocks are thought to have once floored South Loyalty Basin (e.g., Cluzel et al., 2001; Cluzel, Jourdan, et al., 2012) .
The occurrence of radiolarian faunas in pelagic red chert and siliceous siltstone interbedded with Poya Terrane basalt (Cluzel et al., 2001 ) has led many authors to assume a Late Cretaceous to earliest Eocene (85-55 Ma) opening history of South Loyalty Basin (e.g., Matthews et al., 2015; Schellart et al., 2006) . On the other hand, based on geodynamic modeling combined with geological and geophysical observations, Matthews et al. (2011) postulated that the Panthalassic Trench during the Mesozoic was likely located approximately 1,000 km east of the eastern Gondwana margin. They thus implied that South Loyalty Basin would have been in a back-arc position at that time, consistent with the geochemical fingerprint of some of Poya basalt as back-arc basin tholeiite (Cluzel et al., 2001; Eissen et al., 1998) and would have had an age of 140-120 Ma. This basin would then have opened during rollback of the southwest Panthalassa subduction zone that consumed the Phoenix plate (Matthews et al., 2012; Seton et al., 2012) .
Opening of South Loyalty Basin is not included in our reconstruction due to an absence of direct kinematic constraints. However, its opening history has significant implications for tectonic history of the SW Pacific region and evolution of the Tonga-Kermadec Trench. Two timeframes for opening of this basin has led to two different models of SW Pacific tectonic evolution.
If we assume for the moment that South Loyalty Basin opened between 140 and 120 Ma as a back-arc basin to the southwest Panthalassic Trench, it would have opened above the long-lived subduction zone that must have existed along the eastern margin of Gondwana and consumed Phoenix plate's oceanic crust beneath Panthalassa Ocean (Matthews et al., 2012; Seton et al., 2012) . Competing models for the timing of subduction cessation exist, and both 105 and 100 Ma (e.g., Davy et al., 2008; Matthews et al., 2012; Sutherland & Hollis, 2001 ) and 86-to 80-Ma ages have been inferred (e.g., Seton et al., 2012; Worthington et al., 2006) . Both suggested timeframes for cessation of subduction allow opening of South Loyalty Basin as a back-arc basin to the Panthalassic Trench between 140 and 120 Ma. In this scenario no subduction zone is required by the plate circuit or the geological record of the SW Pacific region between the cessation of subduction (sometime between 105 and 80 Ma) and onset of New Caledonia subduction around 60 Ma. In this case, there is no reason to assume that the Tonga-Kermadec Trench was active during the Early Cenozoic.
The alternative, in which South Loyalty Basin opened between 85 and 60 Ma, would allow a scenario where its spreading ridge became inverted around 60 Ma to form the New Caledonia Trench. Schellart et al. (2006) estimated that the South Loyalty Basin had a minimum east-west width of 750 km. In the absence of net PAC-LHR convergence, opening of South Loyalty Basin would require subduction of PAC and rollback of its trench over the 750 km width of the South Loyalty Basin, which, logically, would be accommodated along the former Panthalassic Trench (e.g., Schellart et al., 2006; Ulrich et al., 2010) .
There is no geological evidence for any significant extension in the SW Pacific region between 60 and 30 Ma, and there was barely any plate convergence until 45 Ma. What little plate convergence did occur between thẽ 60-Ma initiation of subduction recorded by the New Caledonia ophiolite and the 45 Ma onset of significant Pacific-Australia convergence must have been accommodated along the New Caledonia Trench. If there had been subduction at the former Panthalassic Trench until 60 Ma, we consider it most likely that the slab broke off at 60 Ma and subduction restarted at a later date. Seismic tomographic images reveal anomalies in the mantle deeper than the Tonga-Kermadec slab below the SW Pacific and Australian regions that likely represent subducted Phoenix plate lithosphere, but these have not been interpreted in detail given general lack of field observations of geological records associated with Mesozoic Phoenix subduction north of New Zealand ( Van der Meer et al., 2018) .
In summary, in both scenarios of opening of South Loyalty Basin, it is very unlikely that the current TongaKermadec Trench has been continuously active since the Cretaceous. In the 140-to 120-Ma opening scenario, subduction ceased before 80 Ma (e.g., Seton et al., 2012) . In the 85-to 60-Ma opening scenario subduction continued, entirely driven by rollback in absence of plate convergence (Matthews et al., 2015;  this study), followed by stagnation of subduction and slab break-off. We therefore consider scenarios inferring the occurrence of subduction at the Tonga-Kermadec Trench throughout the Late Cretaceous to Paleogene (e.g., Schellart et al., 2006) as unlikely. The present extent of slab subducted at the Tonga-Kermadec tTrench must date from subduction initiation during the Cenozoic.
Age of Tonga-Kermadec Subduction Initiation Versus New Caledonia Subduction Termination
We now combine our kinematic reconstruction with seismic tomographic constraints on mantle structure to estimate the age of initiation of subduction at the Tonga-Kermadec Trench as a function of evolution of the New Caledonia Trench.
In our reconstruction, the amount of Pacific-Norfolk ridge convergence before 45 Ma is minimal (~100 km between 60 and 45 Ma, which is within typical uncertainties of marine magnetic anomaly reconstructions). We consider it unlikely that this small amount of convergence was partitioned between two subduction zones. Recently, Sutherland et al. (2017) suggested that thrusting inferred from seismic sections from the Tasman Sea (Reinga Basin, Lord Howe Rise, New Caledonia Trough and Tasman Abyssal Plain) and dated 53-48 Ma resulted from subduction initiation at the Tonga-Kermadec Trench, assuming that initiation there occurred simultaneously with subduction initiation below the Philippine Sea Plate at the Marianas Trench. Such Eocene shortening was also reported from Fairway Basin located west of New Caledonia (Rouillard et al., 2017) . Both Lord Howe Rise and Fairway Basin were part of the Australian plate, separated from the Tonga-Kermadec Trench by a plate boundary (the New Caledonia Trench) and from the Marianas Trench by another plate boundary (Melanesian Trench). Therefore, interpreting the shortening in Tasman Sea basins as an indication of subduction initiation along either trench (e.g., Rouillard et al., 2017; Sutherland et al., 2017) is not straightforward. This Eocene shortening may instead more likely reflect upper crustal processes emanating from the New Caledonia plate boundary and subduction there, or be related to termination of Australia plate subduction at Papua New Guinea and subsequent slab break-off following obduction (see Schellart & Spakman, 2015) . Furthermore, the kinematic rationale why subduction initiation of the Pacific Plate beneath the Philippine Sea Plate at 52 Ma (e.g., Ishizuka et al., 2011) should be contemporaneous with Pacific plate subduction below the Australia plate is unclear, particularly because Australia-Philippine Sea Plate motions are essentially unconstrained. As existence of the New Caledonia subduction zone since 60 Ma has been inferred from geological evidence, the maximum feasible age of the Tonga-Kermadec subduction zone is 45 Ma, corresponding to the onset of significant PAC-LHR convergence.
After the end of subduction at the New Caledonia Trench, all plate convergence must have been accommodated at the Tonga-Kermadec Trench. Schellart (2007) and Schellart et al. (2009) suggested a 30-Ma age for subduction cessation at New Caledonia and a 25-Ma age for final slab detachment (Sevin et al., 2014) . This suggests that subduction at the Tonga-Kermadec Trench started at earliest between 30 and 45 Ma.
During the existence of the New Caledonia subduction zone (60-30 Ma), our reconstruction predicts about 700, 450, and 225 km of Pacific-Norfolk Ridge convergence at New Caledonia, at northern Three Kings Ridge and at Northland, respectively (Figure 11 ). Based on seismic tomography, Schellart et al. (2009) interpreted the South Loyalty slab to contain 600-900 km of lithosphere. Our analysis of the UU-P07 tomographic model (Amaru, 2007) shows that the current anomaly has a length of about 300 km from bottom to top (Figure 7 ), but it may well have been thickened during its transition into the lower mantle (Schellart et al., 2009) . Typical thickening factors of 2-3 for slabs in the upper 1,000 km of the lower mantle (Hafkenscheid et al., 2006; Van der Meer et al., 2018) bring our observation in line with the interpretation of Schellart et al. (2009) . This means that the 700 km of 60-to 30-Ma Pacific-Norfolk Ridge convergence inferred from our reconstruction may have been completely accommodated at the New Caledonia subduction zone, which then consumed the entire,~700 km E-W width of the South Loyalty Basin (Schellart et al., 2006) .
Comparison of our kinematic reconstruction with constraints from seismic tomography thus implies that subduction at the Tonga-Kermadec Trench probably started as late as~30 Ma. Subducted lithosphere volumes from seismic tomography are obviously subject to uncertainty and hence we cannot rule out occurrence of some subduction at the Tonga-Kermadec Trench between 45 and 30 Ma. Nonetheless, our study indicates that if Tonga-Kermadec subduction started sometime between 45 and 30 Ma, it accommodated no more than a few hundred kilometers of subduction. Even if the New Caledonia slab has not experienced any thickening, which is highly unlikely (Van der Meer et al., 2018) Tonga-Kermadec slab must therefore have formed after~30 Ma. An implication is that back-arc spreading in Norfolk and South Fiji basins since 28 Ma occurred above the Tonga-Kermadec subduction zone.
Additional constraints on the timing and evolution of the New Caledonia and Tonga-Kermadec subduction zones comes from New Zealand, where both subduction zones terminate in the south, and its geological record also helps to constrain the age of initiation of these systems. Schellart et al. (2006) proposed that the southern end of the New Caledonia Subduction Zone lay immediately northeast of northern North Island from about 40 Ma and subsequently rolled back, leading to emplacement of Northland Allochthon during 25-21 Ma. While there are no data about which we are aware to constrain a 40-Ma age of subduction initiation northeast of Northland and a~60 Ma initiation consistent with New Caledonia would hence be more likely, substantial Late Eocene-Early Oligocene shortening occurred in Reinga Basin and margins of New Caledonia Basin to the west of northern Northland (Bache et al., 2012) . It is possible, therefore, that the shortening required from kinematic data to be expressed in the Northland region (225 km, see above) was partitioned across a wide area associated with the emplacement of Northland Allochton-in part into the southern end of the subduction zone and in part into continental crust immediately to the west beneath Reinga Basin. Taranaki Basin lies south of Reinga Basin and recent analysis shows that the Middle to Late Eocene-Early Oligocene sedimentary section beneath northern Taranaki Basin, including Taranaki Peninsula, accumulated in a foredeep, the subsidence having been caused by westward over-thrusting of basement on Taranaki Fault (Kamp et al., 2017) . Thus it appears that Eocene-Early Oligocene shortening expressed as subduction in the New Caledonia system transitioned into continental crust of northern New Zealand, initially via a zone of distributed deformation, before narrowing farther south into a paired thrust belt and foredeep in Taranaki Basin, where the shortening ended. The region south of Taranaki Peninsula, including South Island, lay south of the contemporary pole of rotation and hence Late Eocene-Early Oligocene plate boundary kinematics were manifest as continental rifting (Kamp, 1986; Furlong & Kamp, 2013 ) that then passed southward into Emerald Basin where seafloor spreading occurred during the Late Eocene-Oligocene (Keller, 2004) .
The stratigraphy and structure of eastern North Island provide strong evidence for Early Miocene initiation of subduction along the Hikurangi Subduction Zone, which represents the southern part of the Tonga-Kermadec system. A comparatively thin (several hundred meters thick) Late Cretaceous and Paleogene succession, capped by Oligocene marl (Weber Formation), accumulated as bathyal deposits on a quiescent continental margin in eastern North Island (Field and Uruski, 1997) . This sedimentation pattern changed dramatically during the Early Miocene with the emplacement of thrust sheets of the East Coast Allochthon (Stoneley, 1968) and with formation of localized basins (accretionary slope basins) in which thick (1-4 km) mud-dominated sequences accumulated (e.g., Field & Uruski, 1997; Mazengarb & Speden, 2000) . The Early Miocene (23 Ma) initiation of subduction at the Hikurangi Margin is part of the development of a through-going Australia-Pacific plate boundary in New Zealand after about 23 Ma, including the Alpine Fault sector in South Island and the Puysegur subduction margin offshore to the southwest (Kamp, 1986; King, 2000; Sutherland, 1999) . This 23-Ma timing of initiation of subduction at the Hikurangi margin constrains the minimum age of initiation of subduction along the southern Tonga-Kermadec system with which it is continuous.
Absolute Plate and Trench Motion Compared to Tomography
We illustrate absolute plate motions in the SW Pacific region using the global moving hot spot reference frame of Doubrovine et al. (2012) and test the resulting positions of the reconstructed trenches against seismic tomographic constraints on slab locations. We compared the location of the New Caledonia subduction zone when subduction there ended at 30 Ma to the current location of the South Loyalty Basin slab in the mantle as identified by Schellart et al. (2009) . Our reconstruction predicts a location of the New Caledonia subduction zone during slab detachment that corresponds very well to the present-day location of the slab. At 30 Ma the trench is located just south of the slab, consistent with north-east dipping subduction at the New Caledonia subduction zone (Figure 12 ). Since 30 Ma, the suture of the New Caledonia trench, including the associated ophiolites and extinct volcanic arc, moved~1,400 km northwards relative to the mantle to its current location, leaving the detached slab behind in the mantle (Figure 12 ). This offset of the New Caledonia Ophiolite from the South Loyalty Basin slab is thus consistent with the absolute plate motion predictions of Doubrovine et al. (2012) . Similarly, Schellart and Spakman (2015) showed that the Lake Eyre slab below southern Australia is also consistent with the predictions of the Doubrovine et al. (2012) global moving hot spot reference frame. In the same absolute motion frame, the Tonga-Kermadec analysis shows, however, no offset between the present-day trench and the associated anomaly imaged by seismic tomography because it is still attached to the Pacific plate. The entire slab is located to the west of the present-day trench along the full length of the trench (Figure 6 ). The location of the slab is one that is to be expected when viewed in an Australia-fixed reference frame (Figure 13) , or, by implication, the Tonga-Kermadec slab must essentially have shared all or a large part of the northward absolute plate motion component of the Australian and Pacific plates. Such a shared component is not evident at all in a local relative plate motion frame and puts a novel constraint on Pacific absolute plate motion independent of the data and assumptions that determined the GMHRF frame of Doubrovine et al. (2012) .
Trench-Parallel Slab Dragging Component of the Tonga-Kermadec Subduction
The lack of offset between the Tonga-Kermadec Trench and the imaged deep portions of Pacific plate slab has important implications. Subduction at the Tonga-Kermadec Trench is the result of E-W (normal) Figure 12 . Reconstruction snapshots in the absolute plate motion frame of Doubrovine et al. (2012) and tomographic images at a depth of 1,050 km, based on the UU-P07 tomographic model (Amaru, 2007) . The limits of the color scale used in this figure are the same as for Figure convergence between Australia and Pacific plates. Concurrently, both plates underwent rapid (~7 cm/year) northwards absolute plate motion over the course of the 30 m.y. existence of the Tonga-Kermadec subduction zone. The northernmost part of the Tonga-Kermadec Trench thus moved~1,850 km northeastwards relative to the mantle since 30 Ma, of which the northward absolute motion component was~1,200 km. The southernmost Kermadec trench has moved~1,200 km northward since 30 Ma. As seismic tomography reveals that the entire slab is located west (and not southwest or south) of the present-day trench, the slab, while subducting, must have been subjected to lateral dragging by the Pacific plate through the mantle, nearly parallel to the strike of the trench, by at least 1,200 km, along with northward motion of the trench (Figure 13 ). Even more spectacularly, seismic tomography suggests that slab dragging was not only restricted to the upper mantle, but that the portion of the slab located in the upper part of the lower mantle also shows no southward offset relative to the present-day trench (Figures 6 and 13 ).
The occurrence of slab dragging on such a large scale is a noteworthy discovery, especially considering the large volume of the slab and must result from the sum of dynamic processes forcing Pacific and Australian plate motions, in which northward motion at the edge of both plates plays an important role. The potential role of long-term slab-parallel mantle flow exerting viscous coupling to the slab can be limited as long as slab dragging by the Pacific plate occurred predominantly trench-parallel. A preliminary modeling study Figure 13 . 30 Ma reconstruction in an (a) Australia-fixed reference frame and (b) mantle-reference frame, both with seismic tomographic images at 1,050 km depth, based on the UU-P07 tomographic model (Amaru, 2007) . The limits of the color scale used in this figure are the same as for Figure 5 . Whilst the image of Figure 13b shows the actual position of the Tonga-Kermadec Trench at 30 Ma, the fit between the tomography and the trench in Figure 13a is much better (see also Figure 6 ). This suggests that the Tonga-Kermadec slab must have moved northward through the mantle during its subduction history. This is illustrated in Figure 13c : Motion paths of Pacific plate relative to Lord Howe Rise (part of Australian plate; green), Pacific plate relative to the mantle (blue) and the Tonga-Kermadec Trench relative to the mantle (black) since 30 Ma (arrows in 5-Myr intervals) using the reconstruction shown in this paper placed in a mantle reference frame (Doubrovine et al., 2012) .
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Tectonics VAN DE LAGEMAAT ET AL. suggests that 25 Myr of slab-parallel upper and lower mantle flow of 3 cm/year may not have a very large effect on slab morphology, except for thickening of the slab edge on which the flow impacts, while if mantle flow is oblique to the slab larger slab deformation may occur such as strong outof-plane deflections. The tomography image of the slab is too blurred to assess any slab morphology change due to internal deformation of the slab or to detect appreciable lateral shifts in lower mantle slab position of the order of a few hundred km. The observations from focal mechanisms of strong upper-mantle slab deformation made by Giardini and Woodhouse (1986) suggest, however, a significant effect of mantle resistance against slab dragging at least in the more recent evolution of subduction.
Our study shows that a very large slab that has penetrated the lower mantle has been subjected to rapid slab dragging. In the case of this Tonga-Kermadec subduction zone, slab dragging may have been facilitated by interaction of the slab with the relatively hot mantle surrounding the Samoan plume, visible as the hot colors in tomographic images (Figure 7 ) below and east of the slab, that may have weakened the mantle regionally (Chang et al., 2016; Druken et al., 2014) . Nevertheless, our study demonstrates that even at fast and long subduction zones, slabs may undergo trench-parallel absolute motion that must be far-field driven. Slab dragging alters the force balance of subduction via mantle resistance against lateral slab transport, which may lead to slab deformation, buildup of mantle seismic anisotropy and unexpected slab-plate interactions. Slab dragging and its effects on deformation of lithosphere opens new avenues for geodynamic and tectonic research (Chertova et al., 2014; Spakman et al., 2018) .
Conclusions
We report here a kinematic reconstruction of the SW Pacific region for the Late Cretaceous to Present Day to estimate when Tonga-Kermadec subduction started and to study how the Tonga-Kermadec slab responded to a dominant component of northward absolute plate motion of the down-going Pacific plate that was partly shared by the overriding plates. Our conclusions are summarized as follows:
1. There was no demonstrable Pacific-Lord Howe Rise plate convergence between~85 and 60 Ma. If subduction occurred at a Tonga-Kermadec Trench during this interval, it must have balanced divergence in South Loyalty Basin that is assumed by some to have opened during this period. If so, this subduction zone did not accommodate convergence between 60 Ma and~30 Ma despite major absolute plate motion in this window and must thus have terminated at~60 Ma by slab break-off. If, alternatively, South Loyalty Basin opened between 140 and 120 Ma, as has also been proposed, there is no reason to infer a subduction zone between the Pacific and Australian plates between~85 and 60 Ma. 2. East-dipping New Caledonia subduction started at~60 Ma. Subduction was initially very slow but rates increased markedly at~45 Ma, leading to back-arc extension in North Loyalty Basin. South Loyalty Basin, which had an east-west width of approximately 750 km, was consumed by the New Caledonia subduction zone through to~30 Ma, consistent with seismic tomographic constraints. 3. Subduction at the Tonga-Kermadec subduction zone started sometime between 45 and 30 Ma. A 30 Ma age of initiation of Tonga-Kermadec subduction is consistent with the results of seismic tomography of the subducted slabs of both the New Caledonia and Tonga-Kermadec subduction zones, but an older age up to 45 Ma cannot be excluded. However, if subduction initiated between 45 and 30 Ma, it was restricted to no more than a few hundred kilometers of slab subduction. 4. When viewed in an absolute plate motion frame, our reconstruction predicts the locations of the New Guinea-Pocklington and New Caledonia subduction zones during their respective 50 Ma and 30 Ma slab detachments that correspond to the present-day location of their associated slabs. Absolute plate motions resulted in 2800 km and 1200 km of northward motion of the New Guinea-Pocklington and New Caledonia sutures relative to the present locations of the Lake Eyre and South Loyalty slabs in the mantle, respectively. This is in agreement with earlier findings by Schellart and coworkers. On the contrary, the Tonga-Kermadec slab, which is still attached to Pacific plate at the surface, does not show any southward offset related to the northward component of absolute plate motion. 5. Since the 30 Ma initiation of subduction, the entire Tonga-Kermadec slab, eventually including its lowermantle portion, has been dragged laterally through the mantle by some 1,200 km to the north. The effects on slab deformation, mantle anisotropy, seismicity, and focal mechanism, as well as on surface deformation, require further investigation. Particularly, numerical modeling is required to distinguish between the trench-normal and trench-parallel components of slab dragging.
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